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Throughout the 1970s, controversy centered both on im- 
munoassay "sensitivity" per se and on the relative sensi- 
tivities of labeled antibody (Ab) and labeled analyte meth- 
ods. Our theoretical studies revealed that RIA sensitivities 
could be surpassed only by the use of very high-specific- 
activity nonisotopic labels in '•noncompetitive" designs 
pr ferabfy with monoclonal antibodies. The time-resolved 
fluorescence methodology known as delfia— developed in 
collaboration with LKBWallac-fepresented the firstcom- 
meraal "ultrasensitive" nonisotopic technique based on 
these theoretical insights, the same concepts being sub- 
sequently adopted in comparable methodologies relying 
on the use of chemiluminescent and enzyme labels How- 
ever, high-spedfic-actrvfty labels also permit the develop- 
ment of "muttianalyte" immunoassay systems combining 
ultrasensHivity with the simultaneous measurement of tens 
hundreds, or thousands of anatytes in a small biological 
sample. This possibility relies on simple, albeit hitherto- 

concepts. The first is that all 
immunoassays rely on the measurement of Ab occupancy 
by analyte. The second is that, provided the Ab concentra- 
tion used is 'Vanishingly small, " fractional Ab occupancy is 
independent of both Ab concentration and sample volume 
This leads to the notion of "ratiometric" immunoassay 
involving measurement of the ratio of signals (e.g., fluores- 
cent signals) emitted by two labeled Ads, the first (a 
"sensor" Ab) deposited as a microspot on a solid support, 
the second (a "developing- Ab) directed against either 
occupied or unoccupied binding sites of the sensor Ab. Our 
pr liminary studies of this approach have relied on a 
dual-channel scanning-laser confocal microscope, permit- 
ting microspots of area 1 00 pr? or less to be analyzed 
and implying that an anay of 10* Ab-containing microspots' 
each directed against a different analyte, could, in prince 
pie, be accommodated on an area of 1 cm 8 . Although 
measurement of such analyte numbers is unlikely ever to 
be required, the abDity to analyze biological fluids for a wide 
spectrum of anatytes is likely to transform immunodiagnos- 
bcs in the next decade. 



Additional Keyphraaee: rathmetrk immunoassays • savmino- 
l*s* contort micmscop* • nuommmmoassay 

Immunoassay and other protein-binding assay meth- 
ods based on the use of radioisotopic labels have played 
a major role in medicine during the past three decades 
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TTieir utility and importance have derived primarily 
from the structural specificity of many reactions be- 
tween binding proteins and analytes and the detectabfl. 
ity of isotopically labeled reagents, the latter endowin* 
such techniques with "exquisite sensitivity." Recent? 
however interest has increasingly focused on noniso- 
topic techniques based I on identical analytical prinri- 
pies, differing only in the nature of the marker used to 

fZtFZ re ? Ct£Dt (e - g " antibod y or ^en), whose 
disfribubon between reacted ("bound 1 ') and unreacted 
Cfree") fractions constitutes the assay "response " 

The basic aims underlying this interest can be 
broadly classed under four main headings: 

• avoidance of the environmental, legal, economic, and 
practical disadvantages of isotonic techniques (e.g. li 
ited shelf life of isotopically labeled reagents, probY 
of radioactive waste disposal, cost and complexity of 
radioisotope counting equipment), particularly those 
impeding the development of, for example, simple diag- 
nostic kits^or home or doctor's office use; 

•achievement of greater assay sensitivity; 

• "direct" measurement of analyte concentrations by 
use of transducer-based "immunosensoro"; 

•simultaneous measurement of multiple analytes 
(multianalyte assay"). 

In this presentation I will focus primarily on the last 
of these objectives, using this to set out the principles 
underlying our present attempts to develop a new "min- 
iaturized technology that will permit the simultaneous 
measurement of an unlimited number of analytes in a 
small biological sample such as a single drop of blood. 
However, retention (and. if possible, improvement) of 
the nigh sensitivities of conventional isotopic tech- 
mques is a basic aim not only of our own studies in this 
area but also of most other endeavors falling under the 
above headings. It is therefore appropriate to preface 
this paper with a discussion of the general principles 
underlying the attainment of high binding-assay sensi- 
tivity. 



Immunoassay SeneJth/lty: Some Basic Concepts 

Definition of Assay Sensitivity 

The need to establish assay conditions yielding max- 
imal sensitivity underlay the independent construction 
of mathematical theories of immunoassay design by 
hoth Yalow and Berson (J) and Ekins et al. (2) in the 
course of the original development of these methods in 

the early 1960s. Regrettably, these theoretical studies 

led to a prolonged controversy, arising largely from the 
conflicting concepts of "sensitivity" adopted by the two 
groups (see Figure 1). Briefly, Berson and Yalow, in 
i-heir many publications relating to immunoassay de- 
sign (e.g., 1, 3), denned sensitivity as the slope of the 
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reaponae curve relating the fraction or percentage of 
labeled antigen bound (b) to analyte concentration ([H]) 
In contrast, Ekins et al. (e.g., 2, 4) denned sensitivity as 
the (imprecision of measurement of zero dose, t his 
quantity being indicative of, and essentially equivalent 
to, the lower limit of detection. 

The key difference between these two definitions 
clearly lies in the dependence of the assay detection 
limit on the error (impreciaion) in the measurement of 
the reaponae variable. By neglecting this crucial factor 
the "reaponae curve slope" definition leads to many 
obvioua absurdities. For example, plotting conventional 
RIA data in terms of the response metameter B/F (i.e., 
the bound to free ratio) suggests that asBay "sensitivity" 
is increased by increasing the antibody concentration in 
the system; however, the converse conclusion is reached 
if identical data are plotted in terms of F/B'(see Figure 
2). Observation of the shape and slopes of response 
curves without detailed error analysis thus constitutes a 
totally misleading guide to optimal immunoassay de- 
sign. This approach has, however, characterized many 
of the studies conducted in the immunoassay field dur- 
ing the past 30 years, and has been the source of much 




Response curve slope Detection limit 



Flfl. 2. Schematic representation of RIA dose-response curves 
curved tor hjjh and low antitwdy concentrations plotted in terms ot 

(toff) H fres/bound fraction (F/B); (center) the bound/free fraction 

(B/F) 

Note that the tow antibody concentration yiefea a response curve of areata 
•tope when the ateay reaper U plotM* term, of F 2 
^Ptojtodh torn, of B/F. The preeWor, of £. 
(Sty tt Independent of the coordinate frame ueed to plot aaaay data (im 



mythology. For example, consideration of the Law rf 
Maas Acfatm reveala that, when response curves corre- 
sponding to different antibody concentrations areptot 
ted in terms of b vs [H], the maximal slope at serodoee 
is obtained for a concentration of 0 &IK (where K is the 
affinity constant), in which circumstance the sen dose 
response (bg) is 33%. This conclusion led to Berson and 
Yalows enunciation of the well-known dictum (which 
albert erroneous, is broadly adhered to by many immu- 
noassay practitioners and kit manufacturers) that, to 
maTimire RIA sensitivity, the amount of antibody to use 
in the system is that which binds 33% of labeled antigen 
in the absence of unlabeled antigen (1, 5). 

^S®*?* 11 * regarding the concept of sensitivity 
inevitably led to prolonged dispute regarding immu- 
noassay design (5). However, although it is still common 
to encounter publications in the field that rely solely on 
the response curve 6lope as a measure of sensitivity, the 
assay detection limit is now widely accepted as the nly 
valid indicator of this parameter, and we do not there- 
fore intend to dwell further on this issue here. It is 
nevertheless relevant to an understanding of the "min- 
iaturized" assay methodology described below to empha- 
size that untenable concepts of both sensitivity and 
precision underlie many of the commonly accepted rules 
governing current immunoassay-design practice, some 
of which are contravened in our own approach. 



Basic Immunoassay Designs 

It is likewise important in the present context to 
comprehend the basis of the various types of immunoas- 
says currently in use, and the constraints on the sensi- 
tivities of which they are potentially capable. The radio- 
immunoassay and analogous protein-b inding assay 
techniques originally developed for the measurement of 
insulin by Yalow and Berson (6), and of thyroxin and 
vitamin B„ by Ekins and Barakat (7, 8), relied on the 
use of s labeled analyte marker to reveal the products of 
the binding reactions between analyte and binder (Fig- 
ure 3, left). This approach has subsequently often been 
portrayed as relying on "competition" between labeled 
and unlabeled analyte molecules for a limited n umber of 
protein-binding sites, such assays being frequently re- 
ferred to as "competitive." 

Subsequently, Wide et al. in Sweden (9), followed 
shortly by Miles and Hales in the UX (10), developed 
labeled antibody methods (Figure 3, right). These meth- 
ods represented an extension of the "labeled reagent" 
methods (utilizing radiolabeled organic compounds such 
as I-labeled p-iodosulfonyl chloride, ( 3 H]acetic anhy- 
dride, and other similar reagents) devised, during the 
early 1960s, by Keston et al. (J J), Avivi et al. (22), and 
others for quantifying amino acids, steroid and thyroid 
hormones, etc. Although radiolabeled antibody methods 
(lmmunoradiometric assays; irmas) were originally 

claimed (13) to be more sensitive than methods baaed on 

the use of radiolabeled analyte, these claims were sup- 
ported by neither rigorous theoretical analysis nor per- 
suasive experimental evidence, and for some tintore- 
mained controversial. Further doubt on their validity 
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(•Plough th. Uto W anaJyti a •"SWy 
•nehie in Hi binding chanetensties vB^wiirirtLv^^j? unlabeled 

•» opto* anfcedy concern^ EU^^Si^ ^ST 9 ?^ 
tytfrn tend* toward zero (i««2VtoSS Inuien* 
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2£?5^£f SSL* 1 " 1 by Rodbarf ^ Weiss in 
JJlSf, of ^^^cal studies demons^ 
that both labeled analyte and labeled antibody^SS! 
possessed essentially equal sensitivities. Wote TW 
authors suggested that IRMAk mi ff w k« ~ U * UMS - i «ese 

the assay of sWlTjy^Z "2** V * fa 

• ^ v. ^eVpepnaes, in which radioiodine 

mowporabon ^ the antigen molecule was rS2 
conversely, these assays would be less sensitive toiS 
measurement of antigens of high molecular nJ^Nev! 

belief that labeled antibody methods oer u> *~> ,«lT 

The reason for confusion on this issue i* tw 
^eater potential sensitivity of 
not really a consequence of the labeling of LS" 

between labded-analyte and labeled-antibody methodl 
diverts attention from the true reasons TuShESt 

35 2? MS* T y de ^S 

anajyais (see, e.g |, J5) reveals that, aBsumin* «W 
fecT separation of the products of the bmduS^LcE^ 
0*.. no misclassification of bound and fr^S^TZ 
optimal antibody concentration (for in«dm2leS£? 
«ty) in a labeled analyte immunoa^vtev^iTT T 

analyte fraction is measured, whereas in label*?™? 
body methods the optimal antib^^^tion d t 
pends on which labeled-antiTjodv^rtZ?. tl 

measured, the optimal concentration also tended zJZ 
wnveteely, if the analyte-bound fraction £n5^d 
fte concentration tends to infinity. In short of the four' 

^tS^it reaction 

_ , , «umuuuj, aiso with measurement of 

uT "^^temtr ^ 55 ft! 
antibodv concentrations aooroachine infinity. 
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used in the present contest. Indeed, as discussed fcET 
assays may be subclassed in this mWwhen no 
labeled reagent of any kind is involved 

maxunal "fy Bensitivity, itself obscures ft?„^S? 
Jig reasons for the existence of this SS^E-Sl 
designs, and may thus be nusleaC^eg! 
-ay be more readily understood ift^^^S 



The "Antibody Occupancy Principle- of Immunoassay 
When s "sensor- antibody is introduced into an ana 

X'oZ^ "tT- ^ sitea °a £ anti£?y 

Sat fcLf^T 6 Dl0 .! e f uIe8 to 8 Actional ertS 
inat reflects both the equilibrium constant eovemW 

Imlijr VT? tte nuxtur e- This proposition stem, 
u^ately ^ the Law ofMas. AcSoCTca^ 

lAbAgVKAb] = JflfAg] (1) 
gTve" oT^ 0CCUpanCy 0f ^ binding sites. 



fAbAgMAb] = Kf£AgV(l + KKAgD 



(2) 



where [AbAg], [Ab], [fAb], and ffA^l r^n^^f *u 

»tigen (analyte), respee. 
eq^brium constant The final ennce* 
fration of free analyte generally depends on the 
trations of both total analyte and mS^^ ^ 0 * 
when tow antibody appro£«£s jfiK? Wfr^ 

.Tgi^rrtt 

given b/ 0nal ^Paney of antibody i. 



(AbAgMAb] = K[Ag)/(l + K [Ag]) 



(3) 



Assay, utilising this concept have been termed "am- 
bient analyte immunoassays- U6), fi,ctionalo«cupanS 

5E5ST5 wtwt ^ vol ^^aSty 

All immunoasaays ssentially denend ™ 

.ttunmrat of mattnu wtmtirtty-th,,^^^™ 
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JJj. 4. The anttoody bWhg^ occupancy ^ of lmmunca , 
may therefore be categoriied as "competitive - 

SL^'T 111 which *^f*£S 

a- "noncompetitive.- This difference ™ ait^£? 
2"* the proposition that, to m^SertrS 
the measureaeat, it ie generally undeTSTi 
sure a small quantity by mt^ST^m rent 
between two large quantities Terence 

purpose. In the case of am^LI? iTf , <he 8ame 
MvTTk. i , , r" 8 " ™ B «ngle-mte labeled-antibodv no. 

attih^ A Mtibody iteelf constitutes tbesTrT 

Pjing antigeTantige; andoT HES? W 
body linked to a solid «.»^wr ^ ldloty P ,c 

"sigL" emiSeo £ l aK^^ 
6*. the "occupied" fraction) iBmZ^it^^ 
a«ay can be classed a. Wm^ti^W^'. ^ 
ne measures the labeled antihJv Z ll* C T rcr8e, J r » * 
fi.e, that attached to ^f^ y ^i WtoaaaJ y t « 
assay is TdSJSSJ? ^unoeorbant), then the 

Two-site "sandwich" assava .« „i«. i 
because they rely on t£3l3?5 ^ C ° mpl « 
ered from two points of view F^T,. 0811 ** COnsid - 

the solid-phaa. »ti^^\ F ^L re a?S P - UrP ° SeS ' 

antibody, with the laMed *!a&%^»^ 

^•^^^^^ 
uwu mis viewpoint, two-site a&aavs m a „ u 

classed as rnoncompetitive." * y be 

These considerations emphasize that ♦»,. a;* 
in design extinguishing so^^co^v^oT 
competitive methods are essentially unrein SlS 
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component Of any) of the reaction eystam is labeled. 
Indeed, in the case of b^ucer-baaeT^mm 
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on whether a measurable m^ni ; ~TT , ae P end ™e' 
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ee] ie of key importance in determining "potential' 
aa«y sensitivity (i.e., the sensitivity obtained by assum- 
ing the specific activity of the label to be infinite, 
implying zero error in signal measurement). Thus the 
potential sensitivity of a competitive assay can be 
shown to be ajJKRo, whereas that of a noncompetitive 
assay is given V WlAbjn^ where, in thelatter 
case, Rp « assumed to represent the labeled antibody 
miadasofied as bound ObAbU commonly referred tea, 
nons p ecifically bound" antibody. Thus RJIAbl - f th* 
fraction of labeled I antibody that is nonspUcaty 
bound, and IWAbJOo = fo^KR, Asnmungiit 
the relative error (o^R*) m the measurement of the 
"T^™™* 01 ? 6 w approximately identical for both 
competabve and noncompetitive assays, it is evident 

^Z^L"Z^ ""ft tte P 0 *^ sensitivity 
^SSrS?S5 V V D !? 0 ? 8 " greater that of com. 

OS? entity ^ f> ^ by * e of 
labeled antibody that u "nonspecificaljy bound.- For 

example, if the nonspeofically bound fraction is 0.01% 

h^icnuauy capable of r 
senaAvrty 10 000-fold grater than that of ^competi. 
bve approach, other factors being equal. 

These findings are summarized in Figure 6 (left) 
which shows the relationships between sensitivity S 
pressed m terms of molecules per milliliter) and I an" 
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S^^^P^ — Petitive (labeled ana- 
b£i T* ^ we *««ae (e) the useaf. 
label of infinite specific activity, and (6) the uaeof^T 
ejeb* the radioactivity of £ ^es^gCtS 
farjh mm. Computation, of the theoretS* £Sma1 
m«at .^centrabons (on which calculations^ 
sented m ...Figure 6 rely) were based on the rurtbl 
=P tidis that (c) the radioactivity of th7antit£ 

si^^i ?5fT ^ erTOr ^ component in the mea- 
surement of the bound fraction (oyb) was 1% GivtL 

^•^ ti0 -- >tentiaJ- sensiti^ .ST 
constant is lO^aud^S^^f^ 

mL] The additional "signal measurement error" arising 
f .^ence of counting radioactive sSesT? 
finite time implies s loss of aasay sensitiv^ „ a£wi 

™Jf« • CUrVe " Rpa * 6 fleft) ' However^ 
resulting loss xn sensitivity u, relatively small for anti- 
bodies of afimitiee <l 0 " l^nol, ^^^1^ 
antiboies with affinities <10» Ltool. In otSworS. 

time^^l ^ ^ sample counting 

' ^ Jiy' 5 1,tUe improvement in sensitivity!; 

activity than m I (e.g., ^H) may limit the eenaitiviSrf 
uBed^S* ? ^ ^ 10 *hich they are 

ZtZ^t 1 E * e 086 of relatively loa « ^ 

Tie other m«in eonr1uorw« • 

ulabon" errora and using antibodies rf3 

affinity. For exampleZmcr^ 

an approximate threefold loss in sensitivity n2? 

asa^wastaSSS 

abouflo^^^Tl 5 ' se ^vities y bet^^1nan , 
aoout 10 moleculea>mL by using a comDetitiv-TZ 
proach, irrespective of the nature of the la^Otf £ 

Tb. resulte of a Bimilar analysis of the aenaitivitv 
mutations applying to noncompetitive (two-site) £Z 

^e^L noS^r ^ 6 ^ Two aT3 
curves are portrayed here, corresponding to the assim^ 

tons of 1% and 0.01% nonspe^c Sng w3S 

y^Il the M PtUre,aDtibody 6ubstrate - Such anal- 
aaaav^tZ ^^^^ conclusions relevantto 
nSJS 6 ? th 5, crud * 1 i»Portence of reducing 
nonspecific binding of labeled antibody to an abaotaf 
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^ncampem,^ assay design as by using an antibody of 
JT=10" L/mol in . oimpebtivB method. One of the most 
important conclusions is that the senaiftriH »tJZ 

^i"* ° f radioisotopic^ based 

methods, which (because of the relatively lmr«!5r 
activities of isotopes such as ^ Stj? 
to sensitivities of the order oflOMo*™^ P ™? ce 
more. In short, eJthougk^der «r£i °° ecuJea ^L <* 
noncompetitive a£u ?£y S JlElE amuastan ««. 

than co^ndmT^^^r^ ^ Beaaitive 
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tiaJ advantages (visits sensitivity) of prtea * 
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bbels of much higher specinc ac^^ W 
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J« combined with h&^™£* 
Figure 6 demonstrates that ev-n ^ r howevw . 
with affinities of about IOmS^T, of antibodies 

»ay yield a substantial unoro ^ n<m,80to P ic >*■ 
TV-n- *k IT i "oprovemeot m sensitivity 
These theoretical conclusions, together wwTtZI u 
hcation by Kohler and Milstein tfn% ? ? e pub " 
vitro production of m«SK^Sj5 ° f 1D 

tuted the basis of mylaboSS. S^"" W) ' coasti - 
ment (initiated Sw 6 S^ 

ufacturer LKB/Wallac man * 

a*L!Kf *PPn»ch has subsequently been 

adopted by many other manu/acturers/usn^a varS 
of bjghw^ecific activity labels (Table 1) ty 
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^elopment ofhigTs^tive SSSfif 
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F 2 - F{(l/[Ah]) + (fAnl/TAbD + 1} + [AnJflAb] « q {4) 

anXt^n^tionlann^^ * ^ that, for 
IAbB. This conSoTi* P S^5 D ' F " + 
which the fraioX^,^^ Fieure 7 - » 
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I?"" mol^, or 6.02 x &t2£f SXRaZV ' 
bmding by antibody cau», jjTiLT "^mL.) Analyte 
lyte in the me^^^T ° f(unbound > 
small, the resuJtCS.W^! "T^ ^ » 
«on of anaJyte^ ^S^^F^^^' 

Tl£Z:?£ yU> depletion in ^ n.ed^Tinvariat v 
<1%. and the system is therefore *S£?£fiZ 

t^^l^^^i- .mn. of Ltg on* ba, 
dau. The temHAMa^ri^ "P^ntetion of buuha. 
that tiu. cooventioX^^^^^lin.d to ioS 
T^y do not nlmr to molar cooc^^. m , denvin « equation 4. 
•Jr with [Ab] and [An]. Fo"^^^^ * ***** 
affinity (eoMtant) for aaeJnToflSi ' iZ. POMesses aa 

Tbu., fractional occupancy c^t k.^ " 1 ^^'"nJeM) unit 
eal for oil antibodies ?Uub if e^±" " < ' U * ti 1 0n 4 - i<W 
two ia adoptod- i.e., curve? ^ ate ^ P ^ WU fi aBti «a«ntoa. 
be identical for eystem. uaujW ^S^^^a wiD 

antibody with an affinity ofl7 J lL»i con ff ,tr « ti a. of aa 
with an affinity oflW Z li .i^ 1, ?-° mol/L "fan antibody 
affinity oTS-^ 0 e^^^ rf « antibody witbS 
expressed in the aame manner) «nceao»tion il 

PaaSrefeS U^l^ *f«^ ^ antibody o«, 
sites are exposed. ATtSSS 
'• e - ^ » dependent of s^^^ 111 ^^ tube; 



FROM BIOMEDICAL INFORMATION SEHVICE 



— --(WED)- 2. T9' 03 U -31/ST i. ,» 

U.31/ST. n:23/K0. 4862209286 P 








LL 


• ii 





ugible disturbance 
of analyte is 6 x i(* 

I - — MA ■ * 



of binding 



being 

«a«g rates is solely dependent on the ambient com** 
tration of analyte leads t« „ , , , coneeu- 
•VsHnmoHJTr leadB to concept of a dual-label 
Tattometnc, : nucrospot immunoassay. 

DuaJ-Label Microspot Immunoassay 

taT antibody K^ESS! bC ° rf ■ J****- 

(i.e., the occmAriSS ^ a 6econd e P ito P e 

molecule ^ge or alaSt^^^ v^* 1 * * *» 

the antibod7to Ae ca^oSr^^^"** 800 
(Figure 8 rieh« TK. ?^ molecules 

~'Er*> ' neh V" The fractional occupancy of the 
antibody may thus be estimated by meS^^S 

*T*? T f d ^eloping antibodies tWWufed^! 
K MUplet4 -" ^ can be readily acbJe^eX 

ticularly useful in this context beca^bT^uTS 
opbcaJ scanning techniques (Figure sT^evne^Tt^ 
scanning of arrays of antibody ^nicrosW 
over a surface (each microspol ^Se?2i2fS5w 
ent analyte) so that m«ltCu , a * ain8t * 
n*rf™S • muJ tiple analyte assays may be 

performed simultaneously on the same sample. &veraj 



Antibody concentration * M 
<WfBf©nl valuta of anatyt* (anftan. I?sJ 0 ?f*? tf * t,on 

•"•ntally unaffected by variant in arfflx^n^^^ p,ncy " 
•Mm orders of mapLde. be** po^So^^T?^^^ 

""W^f" immunoaaaayB art ootwentionafly deatonadto 
Vatow Bwn™? ««ceordance wtti the precept of 

dent of sample volume. 

•Easts: »a 

sites within the microspot is <vIK x i 0 -« x AT wh»nT» 
: to which the microspot b er^L 

On milhhters) and AT « Avogadro's nS( x^f 
For example, if . - , and K = lO^^mol ^2 




*t»h*t» with SAtkintlyl* 4^ 




A** 





fec^ait wttrt •niMg»»|..|- a.. 




Non-competltlve assay 



Competitive essay 



•ue* thel er% 50% of m. occupied or unoccupied „ 
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Rfl- 9. Basic principle of dual-label am hu,« „. k 
frtyinp on nuorwcort^^S^ 6 " 1 ^ 6 ^^assay 

advantages stem from adoptm* a du»] fl . 

measurement. For example Xr thVfi flu< f escenc e 
distribution of the niJt^^ZZZJ 

field of view is imtw»*-~r v 7 ^ tte det «cto»'8 
Miaospot Immunoassay Sensitivity 

a solid support such that their biiuW f 66 of 
exposed to the analyte, and that Sf^^T 
analyte is thereby u^ZZf^ for 
tion in the ««rt*™_>u" 1 ifi e antibody concentra- 
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• surface area of 10*^1 «. 0J * 

antibody binding aite^L^ ^ ^ «*°nunodatea 

sultmj^ ^^^^^dy- the re. 

iZT^ 7 occupancy (e.g., by exposure to a ^ 
ond, labeled, "developing- aab^v dir^H^T^ • T" 
analyte, forming a tvoiil aga,Mt 
* us suppose 2* 
developing anubodv »-aTv« . the 

ieiurtjr of J molecule^' "Act 
equation 4, the value of P f™. *^ i 2 ^ *™ ln 

restricted to the area ?ZZZSi d .f tectu « instrument is 

deposited (see Rg^ 1 S)^t > i e - 8eM ^ f ^ » 
the background KSS fi? tonally) assuming 
s*m r, * *v , n °ise ; of the instrument itself tTfJ 
*ro C.e., the only source of background!* ti?S£ 




to 



«. *•* of «tw o»crt Wl : art. of •rwopo, 



«w»y otoesiuon oKjttM,; s/B laua 
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fig. 10. "Capture" antibody fCAhi « 
^-*d) areas; the fieWvK^ t?„T? C03led « 
« represented by square ( JSaSJaS "^ easunn fl in «wnent 
(«) Reduction of both the «ea ol cIoiuill.'..j 
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spedfieaDy^oand labeled antibody within the instru- 
ment's field of view), the signal/noise ratio observed fat 
the 1 mm* area ie -30. Similarly, the value of Pfor a 0 1 
mm 2 area is 0.02 x lQ-», the number f labeled anti- 
body molecules specifically bound to the area is 5.41 x 
IO* the number nonspecifically bound is 10 6 and the 
signatooiae ratio is -54. Likewise, the rignal/hoise 

ratio for a 0.01 mm* area can be shown to be -59 In 
short, the signal/noise ratio increases as the antibody- 
coated surface area is decreased, approaching a ma*, 
md ^hiteau) value of 60 as the area coated with sensor 
antibody falls below 0.01 nun 2 and tends toward «rT 
Hi however, a reduction in the antibody-coated area 

"Hp^ CC ° m T ed reduction in 

the detecting instruments field of view, the resultina 
reduction in "signal" would nor lead to a conespondine 
decrease in the background generated by nonspedfi- 
cally-bouad developing antibody (Figure 106). There- 
fore, although reduction in the coated area would in- 
crease the fractional occupancy of the sensor antibody 
frhe signaW ratio might either remain constant or 
fall. In these circumstances it might be advantageous to 

nty of sensor antibody were decreased (the coated area 
being Jidd constant), similar conclusions would^ 
reached (Figure 10c). 06 

the^St' * t il taCk f!. U ^ within 
the detecting instrument itself (e^ from the photocatb- 

tube used to deieTphX 
eimttod firo the, antibody-coated area) were not zero 

SL ^f^u C ° nSUmt reganJlefi8 of the instrument 
field of view, then a maximum sienalMni^ 

also be attained at some optimal vatue T£%£*. 

coated area, below which the ratio would M1.*£Z 

however, one can generally reduce the size of the detect 

tend hence the detector-generated background » ef£ 

same rate as the size of the signaJ^mittnTIrea th^L is 
no reason— in BrinrtnlA_«» «v- • . tnere 18 
iih^Mk' 7, pnnc ? le T » the signal/hoiae ratio to 
diminish as the.antibody<oated area is pregressivelv 
reduced toward aero. Thus if we.accept the rignXS 
rab^ndicative of the precision ofthe mJSmSi 

ttese considerations suggest that it is advantaaeoua to 
reduce the antiT»dy-ccated surface area (ano^n£ 

atoough littieadvantage is likely to accrue from redo- 
ing the area below 0.01 mm* (and thus the antiwl 
concentration below 0.OLH). antibody 

Were the microspot area indeed reduced torero both 
ratio between them nevertheless remaining essential 
the limit, be recorded. In practice, other statistical 

even? 55 ^ * e Du,nber of WWW 
events (e.g., photons) observed by a detecting instru- 
ment is very low, thus prohibiting a reduction fthe 
sensor antibody concentration to zero The Lilt 

A* ^t^KU rf™, tobeW aufficientlv toaffS^S 



j j , . ««Murement of antibody ocam»^ 

antibody used to measure the occupied binding eite*the 
higher the specific activity, the small* ^r^S! 
ax^ Thus, given labels of very high qjfc^ty 
one can envision circumstances TwSTe^toa 

lT mP ^ Ve " 8yst£m * ^ °Pt^al concentration of 
sensor antibody may be exceedingly low. A moreTen^ 
era! conclusion is that a varie^7factors, induSL^ 
Jf^tSf 08 instruments used for meastuS 
the labeled antibody (or labeled analyte), tiXenct 
immunoassay design, implying, among other thinga, tiS 

7^JT* mt? rf bating generalruS re- 
garding this. For example, reagent concentrations that 
are optimal for isotopically labeled reagents used with a 
conventional radioisotope counter 
background dependent on its basic cons^on)are 

activity labels are used and one has the fr^JmiSr 
the measuring instrument to samples of any size. In 

Plied to noniaotopic methodologies, and ehouW be 
viewed with caution. a 08 

A more detailed theoretical consideration of (noneom- 
P^v^nucrospot immunoassay sensitivity (21)^ 



* [(6 x io»0)(i + [Ab»])]/DX[Ab»] (5) 



I^SL? V denait y Ending siteeW) of sensor 
antibody, K = sensor antibody affinity (L/mol) [AM. 
concennation of labeled antibody in develop solution 
te^reasedm units of MP, where*. - labeladantibo^ 
ffTS^ ^ = nunimum detectable surface densitv 
of labeled antibody (moleculea/iun 8 ) andC = ™^ 
detection limit (moleculea>mL). Jor examptetf rAbT- 

^ C - * 2 - 4 x 10 * molecuVcSmL 
- 4 x io moVL and ^ fractional occupancy ofSe 

bming sites of the sensor antibody by a^numum 

shows the theoretical assay sensitivities attainablewith 
use of sensor antibodies of various affinities n i n «!!> 7. 
function ofD*^. amniues, plotted as a 

A aimilar theoretical analysis of competitive micro- 
spot immunoassay indicates that potential aen2tiv££ 
are essentially identical to those attainable with eon! 
ventionaJ competitive methodologies. In summary *e 
above considerations indicate that the aStrf 
high microspot aaaay sensitivity requires close paclong 
of molecules of sensor antibodies within the mim3 
area, combined with the use of an instrument «paK 

accurately measuring very low surface densities of d* 

velopmg antibodies. They also suggest tteUriZnZ 

obtainable by conventional isotopically basedirnrnT 
noaasays are achievable, and (5) tfSdllS 
soemfic activity are available, the aensitivSea^euS 
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.antibody censfty ^^^£5^^ — 2 - 



oMiLi P ,on «o as a function «t *L wr "peimve 

fttody density detectable w^^^^^ <eve 
**tutaw oi captun •nfiZr - mcros *« area 

diction of b^w^n iJ^L ?iy* ( ?' rw *y Mtabi, 




'"•flli permit oMtc&on of 
«n«Lody p»r m&wrmtv* 

by xuicroapot n finny 

(depending on the cWar* 

inferior and 

stnanents used) could h* SOl* meas ^riag in. 
achievable in -J^**"** *• **Xes 
««n. p assa y B «f conventional de- 

. we briefly address a 

tonally raised in this C ^ e ^ 
tenstics ofmicrospot aasavTrsL. J ? aetic d^c- 
«garding this issue FW tki J T te flho ^d be made 
^ antibod^e l^S? J"*"** 
the velocity of the antibodv/ fl n»l^^ ?• constrai °t« on 
that at the limit (i.^lTf^ blndin « Action, so 
^ted w*un the^crc^at ***** 
Jttebcs of the reaction appWS?J?f roac ^ e8 the 
homogeneous hquid-phaseW^l^ 08 ? obe «rYed in a 
effective conceaStio^Sa^^ aJ ? ou ^ the 
t>on medium is exceeding^^^J? 
wbchsenao, ^ody^ZZ^^°^ «te at 
apot become occupied ia km£JS? Wltbja ^ micro- 

«* body ia used, as in ernvS? ^ ""^tration of 
those of no n ^"^r^ ,0 f aI particularly 
- nund the rJ^ p t££ £Z ^ ^ 
of sensor antibody and thVS^Tu^ 01 ^ ocamancy 
above, it i. J y denlo^Se^f ^^ed 
the ratio rises is gi^^ ♦V W . the «t which 
the antibody area (and 
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P™** provides the h**i. ~t 
™P id *bau any curran^I^ V**XmHj 

Although varioM Cons,d a r ations 

^aryrtudie. have reS ™ A 0Ur P^limi. 

Wphors. ^ siS.Su. 'I? ° f B »"»*Ml 
fluorescences from sznaJ^^T^^t of dual 

bahed, and the availabibW ^IS" 6 ' WeD estab. 

(e.g., the laserlcaS^^ 0 ^ 
not specifically desig^^^^^cope), albeit 
^ ^ in denS^^P^t purpose, has 
oucrospot approach. ^ rata « feasibility of the 

^ ^Kt^JS? * T — a 
^ beam, the flu^^"^ 0 -^ by a focused 
area being focused emitt ^ fiumSs 

fo«J point the projectioa of £ At ^ 

and the back-projection of the deLn^t^? 11 P^l* 
fTigure 12). Fluorescence »K«f * PlnhoIe «»bicide 
Points thus posseaTrSw nSh^-J™^ ** «th* 
detector. SuchsjSnL •^2^ ^ reach iug the 

fluorescence mienec^?™??* »Dventional epi- 
posed to an essentiTS f^.f Wluch *b« apedmen is « 
yield much bT^^°™«™ ol aCSC3 
at*d in . define p K 0 /? U0re8cen t emitters aS- 
spontaneoualy emitted br^-^t 8am P ,e - Electron, 
cathode contribute to £ b^^^*5 

^tnunent.andmusLfoVi^^^ ^ the 

« ti vity-be minim^p or 3.^ ™*™P°t assay ^ 

£**uments SSttJjESESfc JS, ^ of 
- area, and this source of ba^gtnd ta^^SS 




^w»*»*T «rr«y 
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to diminish with nature improvement in photomultiplier 
design. Other sources of background include fluores- 
cence emitted by components in the optical system, 
which may not, in current instruments, have been 
constructed with background reduction as a prime con- 
sideration. Nevertheless, they detect with high sensitiv- 
ity fluorescent signals. For example, one commercially 
available microscope is claimed to detect fluorescein at a 
density of 10 molecules/Mm 2 . Most commercially avail- 
able fluorescein isothiocyanate (FITC)-labeled IgG ex- 
hibits a fluorophor/protein ratio of -4; this implies 
detection limit (Z) - ^ for antibody surface density of 
two or three FITC-labeled IgG molecules per microme- 
ter 3 . This, in turn, implies a theoretical sensitivity for a 
two-site immunoassay of -2-3 x 10 s analyte molecules 
per milliliter, assuming identical parameter values as 
above, or 2-3 x 10* molecules/mL if the sensing anti- 
body has an affinity of 10" L/mol. Clearly, sensitivity 
may be increased by loading more fluorophor either 
directly or indirectly onto the antibody. 

Our preliminary studies have relied on a less sensi- 
tive microscope, albeit one possessing facilities for dual- 
fiuorescence measurement Its argon laser emits two 
excitation lines at 488 and 514 nm. It is thus particu- 
larly efficient in exciting blue/green-emitting fluoro- 
phores such as FTTC (excitation maximum 492 nm) but 
u less efficient in exciting fluorophores such as Texas 
Red (excitation maximum 596 nm). However, the ratio- 
metric assay principle permits considerable variation in 
detection efficiencies of the two labels because the spe- 
cific activities of the labeled antibody species forming 
the antibody couplets can be chosen to yield signal 
ratios approximating unity. Inefficiency of the argon 
laser in exciting Texas Red is thus not a major handicap 
m this context. Though this instrument relies on a 
conventional microscope and not on an optical system 
designed for this purpose (and thus implicitly less sen- 
sitive), it permits quantification of fluorescence signals 
generated from microspots of any selected area. Initial 
studies have revealed that, under conditions that are 
not optimal, the instrument is capable of detecting -25 
FTrC-labeled and (or) 150 Texas Red-labeled IgG mole- 
cules per micrometer*, while scanning an area of -50 
fan'. 

The development of microspot immunoassays has also 
necessitated closer scrutiny of the mechanisms involved 
in the coupling, of antibodies to solid supports. In the 
present context, these should display a capacity to 
adsorb (in the form of a monolayer>-ar to covalently 
link— a high surface density of antibody combined with 
low intrindc-dgnal-generating properties (e.g., low in- 
trinsic fluorescence), thus minimizing background We 
have examined a number of candidate materials, such 

as polypropylene, Teflon* cellulose and nitrocellulose 

polystyrene plates: 
black, white, and clear polystyrene plates), glass slides 
and quartz optical fibers coated with 3-(amino propyl) 
triethoxy silane, etc., and several alternative protocols 
for achieving high monolayer coating densities. These 
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• exposed phenomena neither evident nor of 

importance when antibody binding to solid su^ £ 
examined at a macroscopic level. Provisionally w«hL" 
used white Dynatech Microfluor nncrotiter ' nlatSl! 
formulated for the detection oflow fluoresce signals, 
and yielding high signal/noise ratioe and high watX 
densities of functional antibodies (-5 x lo 4 IgG mole- 
cules//unVfor assay development, although such 
plates are not ideal. Indeed, deficiencies in the antibody- 
deposition methods used constitute the principal source 
of imprecision in assay results and the limitation' in 
sensitivity that this implies. Clearly, this represents an 
areafor further study and refinement of current coating 



Notwithstanding the limitations of present instru- 
mentation (which, among other things, does not permit 
the use of time-resolving techniques to distinguish two 
urt vidua! fluorescence signals either from each other or 
from background fluorescence) and the crudenese f 
present methods for coupling antibodies onto small 
areas, we have verified the theoretical concepts outlined 
above by comparing the performance of several assays 
when constructed in microspot format and when conven- 
tionally designed. Although unoptimized, ratiometric 
microspot assays have yielded sensitivity values closely 
approaching those of conventional optimized DtMA. As 
an example, the results of a ratiometric assay system for 
thyrotropin, with use of Texas Red- and FITC-labeled 
antibodies, are shown in Figure 13. Bearing in mind the 
well-known limitations of these and other "convention- 
al fluorophors when used as immunoassay reagent 
labels such results are encouraging, although further 
work is clearly required to achieve the comriderably 
greater senertmty theoretically predicted with use of 
improved fluorophors, better antibody-imcrosnottiM 
techniques, and purpose-built (time-resolving) instru- 
mentation. 

The finding that highly sensitive immunoassays can 
tie performed with far smaller amounts of antibody than 
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Fio, 13. Response curve In a dual-labeled microspot ratiometric 

««y of thyrotropin (TSH) with Texas ReoMsbated JZuZZZ 
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art currently used conventionally permit 
construction of antibody xnicroipot arrays enaoimg, in 
principle, the simultaneous measurement of tho usan ds 
of different substances in 1-mL samples. In collabora- 
tion with investigators at the Centre for Applied Micro- 
biological Research, Porton Down, UJC., we are pres- 
ently developing various techniques for the creation of 
such arrays. Indeed, similar technologies have recently 
been used for the parallel synthesis of several different 
polypeptides, these enabling 10 000-microspot arrays to 
be constructed on silica chips approximating 1 cm 3 (24). 
Although arrays of this capacity are unlikely to ever be 
required for conventional diagnostic purposes we can 
anticipate that the ability to simultaneously measure 
many substances in the same sample will have revolu- 
tionary consequences in medicine and other similar 
areas. In addition, such techniques may ultimately 
permit the individual analysis of the multiple isoforms 
of certain "heterogeneous" anaJytes (e.g., the glycopro- 
tern hormones), such molecular heterogeneity currently 
presenting a major obstacle to the standardization and 
interpretation Of many immunological measurements 
(25). Moreover, although these concepts have been illus- 
trated in an immunoassay context, they are clearly 
applicable to all "binding assays," mduding those rely- 
ing on the use of DNA probes., hormone receptors etc 
For example, labeled lectins that are specific in fe* 
reactions with the sugar residues in the oligosaccharide 
cbsW glycoprotein molecules may be used, together 
with specific antibodies, to impart additional "structural 
specificity" to sandwich assays (26, 27), possibly over- 

per se in regard to 

differentiation of the glycosylate variants of the riv- 
coprotein hormones. 6 * 



signed for these purposes, and therefore not reports in 
detail her^have ^demonstrated the feufcfi^S 
m^jmed antibody nucrospot approachan?^ £ 

It V ?" oa it is base? We 

are therefore confident that this represents thsbajoW 
snex^generation technology that islLty to lZ f 

a^^ °* ^ ^ * 



Summary and Conclusion - / 

Because of past confusion regarding the concepts of 
precision, sensitivity, accuracy, etc, several erroneous 
concepts have become incorporated within currently 
accepted rules of immunoassay design. In particular 
much higher antibody concentrations are customarily 
used than are necessary to achieve very high assay 

certain measurement strate- 
pes are adhered to. In this presentation, we have 
attempted to show that, in principle, the highest assay 
sensitivities are obtained by confining a small number 
of sensor antibody molecules onto a very small area in 
the form of a nucrospot and measuring their occupancy 
by an analyte. by using very high-specific-activity "de- 
veloping" antibody probes, thereby maximizing the si* 
nal/hoise ratio in the determination of sensor antibody 
occupancy. This observation, which contradicts cur- 
rently accepted immunoassay design theory, in turn 
maaes possible the measurement of an unlimited num- 
ber of different analytes on a chip of very small surface 
area through the use of, e.g., laser scanning techniques 
closely analogous to those used in compact disk tech- 
niques of sound recording. Extensiv experimental stud- 
ies in this area albeit conducted with relatively crude 
techniques and instrumentation not specifically de- 
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Vol 37, pp. 1447-fi: In our desire for rapid publication 
important errors were introduced into the following 
Technical Brief The corrected vereion is here r^n? 
duced in its entirety, with our apologies to the authors. 

Rapid Detection of 1717-1G-A Mutation in CFTR r.«m« 
byPCR44ediatod She-Directed Mut. B «eLV ^ 

Cnmonen,' Manuela Sda* Carmelina Magnani 1 and 
Maurizio Ferrari 3 (» Istituto Scientifico H£. Raffaele 
Lab. Centrale Mflano; * latitat! Clin, di PerfeZnamento 
Lab. di Ricerche Clin., Milano, Italy) uu*memo, 

A^S^S^i^ non-AF508 mutations identified in 

mS^S^'SS^S regulated 
ICFTR) gene by the Cystic Fibroais (CF) Genetic Analysis 
Consortium, the ones most frequently seen in our popula. 
ton Maple are the 1717-lG^A mutation (13/144 or9% of 

ST* nT^ *** G542X 0*190 or 

CF f»romoaomes), both revealed by dot-blot 

SSf u"? chain reaction (PCR) prod- 

uct with allele-specinc oligonucleotides (ASO) probes (2) 

In an attempt to simplify the analysis of thTmost 
^^^ons in the CFTR gene, we converted radi* 
labeled ASO detection into restriction endonuclease anal 
ysis of the amplified product 

ta^tSr^^l^T 0 ^ mut *e enesis 12. 3) to de- 
tect the G542X mutation by generating a novel BstNl site 

in the wild-type sequence had already been suggested (4\ 
To detect the 171MG-A mutation, we dSgned the 
reverse primer (5'-CTCTGCAAACTTGGAGAGGTC^')to 
contain a suogle-base mismatch (T-G), which wuld create 

a i°^ d m^ 11 «!^ ction «*« IG | G(A/T)CC] in the anv 
phfied wild-type (WT) allele but not in the CF mutant Sf) 




fig. 1. Detection of the 1717-1G-A mutation by PCR 
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For the forward primer, we used the one made available 
r .if C %52f bc -^y 6 " Consortium to amplify exon 11 
AGTCTs£ geDe: ^ '^^CTGTGGTTAAAGCAAT- 

Digestion by Avail enzyme of the PCR product generates 
two fragments of 116- and 21-bp in the wild-tyje alleS 

Seles^lr^ a 13? ' bP fngm0it " 
„? y "i? 15 " 1 ^ analysis for the AF508 mutation (5) (252/ 
ie .ni ; 6% of ^ CF ^mosomes), 1717-1G— A, and 
G542X, about 71% of mutations might be detected by 
nomsotopic analysis of the PCR product, thus allowing a 
faster and easier one-day procedure for carrier aotsenine 
and prenatal testing. 
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